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We find a remarkable agreement of the excitation energy spectrum of the 208Pb(d , 3He) reaction measured at
Td5600 MeV near the p2 production threshold with its theoretical prediction. Their comparison leads us to
assign the distinct narrow peak observed at about 5 MeV below the threshold to the formation of bound pionic
states p2 ^ 207Pb of the quasisubstitutional configurations (2p)p2(3p3/2,3p1/2)n21. A small bump observed on
the tail of the peak is assigned to the pionic 1s state. The binding energies (Bnl) and the widths (Gnl) of the
pionic orbitals are deduced to be B2p55.1360.02 ~stat!60.12 ~syst! MeV and G2p50.4360.06 ~stat!
60.06 ~syst! MeV by decomposing the experimental spectrum into the pionic 1s and 2p components. While
B2p and G2p are determined with small ambiguity, B1s and G1s are strongly correlated with each other, and are
affected by the relative 1s/2p cross section ratio assumed, since the 1s component is observed only as an
unresolved bump. Thus, we have to allow large uncertainties 6.6 MeV,B1s,6.9 MeV and 0.4 MeV,G1s
,1.2 MeV. The experimental binding energies and widths are compared with theoretically calculated values
based on various optical potential parameter sets, and are jointly used to deduce the effective p2 mass in the
nuclear medium.
PACS number~s!: 36.10.Gv, 14.40.Aq, 25.45.Hi, 27.80.1wI. INTRODUCTION
As described in the preceding paper @1#, we performed a
high-resolution measurement of the nuclear excitation spec-
trum near the pion production threshold in the 208Pb(d , 3He)
reaction measured at incident deuteron energy of 600 MeV.
This experiment was based on the theoretical prediction for
the population of deeply bound pionic states @2–4# by using
pion-transfer reactions @5,6#. We observed a distinct narrow
peak around an excitation energy of 135 MeV, about
5 MeV below the p2 production threshold. The peak was
assigned to the formation of bound pionic states of
p2 ^ 207Pb with the quasisubstitutional configurations
(2p)p2(3p3/2,3p1/2)n21. An additional bump was observed at
about 6.5 MeV below the threshold which corresponds to the
*Electronic address: itahashi@phys.s.u-tokyo.ac.jp0556-2813/2000/62~2!/025202~12!/$15.00 62 0252(1s)p2 component. A short description of the first results
was published @7# and their implications in terms of the pion
effective mass were given elsewhere @8#. In the present paper
we analyze the excitation spectrum presented in the preced-
ing paper in details in order to deduce the binding energies
and the widths of the bound pionic orbitals ~Sec. II!, to com-
pare the deduced values to the theoretical prediction ~Sec.
III!, and to relate them to the pion-nucleus interaction ~Sec.
IV!. A brief history of deeply bound pionic atom exploration
and possible future perspective are found in Sec. V.
II. DEDUCTION OF THE BINDING ENERGIES
AND THE WIDTHS
A. The excitation spectrum and configuration assignment
The 208Pb(d , 3He)p2 ^ 207Pb is a nucleon-pickup type re-
action with a p2 transfer and its elementary process is
n(d ,3He)p2. The produced bound p2 states have configu-©2000 The American Physical Society02-1
K. ITAHASHI et al. PHYSICAL REVIEW C 62 025202TABLE I. Neutron hole excitation energies of 207Pb (En), and the spectroscopic strengths @C2S/(2 j811)# obtained by (p ,d) reactions
@18#. Expected excitation energies referred to the ground state of 207Pb for the configurations of (nl)p2(n8l8 j8)n21 and the effective neutron
numbers (Neff) for the 208Pd(d , 3He) reaction at the incident beam energy of 600 MeV using the SM-1 parameter set.
n8l j88 3p1/2 2 f 5/2 3p3/2 1i13/2 2 f 7/2 1h9/2 1h11/2
En @MeV# g .s .50.0 0.570 0.900 1.63 2.34 3.41 9.17
C2S/(2 j811) 1.00 0.90 0.89 0.56 0.56 0.55 -
Ex @MeV#
1sp 132.61 133.18 133.51 134.24 134.95 136.02 141.78
2pp 134.41 132.98 135.31 136.04 136.75 137.82 143.58
Neff
1sp 1.6331023 2.1531023 2.4631023 1.2131024 1.3331023 0.9531024 1.9731024
2pp 7.5831023 4.1831023 1.2631022 3.4631024 2.8031023 1.9931024 4.6331024rations (nl)p2(n8l8 j8)n21 and for each state the excitation
energy (Ex) with respect to the ground state of 207Pb is re-
lated to the pion binding energy (Bnl) as
Ex5@M x2M ~207Pb!#c25mp2c22Bnl1En~n8l8 j8!,
where M x is the mass of the reaction product, mp2
5139.57 MeV/c2 is the pion mass and En(n8l8 j8) is the
excitation energy of 207Pb, as presented in Table I.
Figure 1 ~upper! shows the measured excitation spectrum
of the 208Pb(d , 3He) reaction near the threshold. The abscissa
is the excitation energy and the ordinate is the double differ-
ential cross section. A monoenergetic peak of 3He produced
in the p(d , 3He)p0 reaction on a (CH2)n target is overlaid in
the excitation energy scale so as to demonstrate the sym-
metrical shape of the overall resolution function. This peak
was also used as an absolute calibration of the excitation
energy. Note that the instrumental width is much larger for
the (CH2)n target than for the 208Pb target due to the differ-
ent target thickness @1#.
The spectrum stands on a structureless background of
about 5 mb/~MeV sr! which extends towards the region Ex
,132 MeV. On the right-hand side of the p2 emission
threshold, there is a quasifree pion production continuum.
Between 137 and 139 MeV one notices several small peaks
due to the production of shallowly bound pionic states of
3p ,3d ,4p , . . . , some of which had been known from pionic
x-ray spectroscopy @9,10#. A prominent peak is seen around
Ex5135 MeV, which is about 5 MeV below the p2 emis-
sion threshold. A small shoulderlike structure can also be
seen around Ex5134 MeV. Comparing the shape to the
theoretically calculated spectrum shown in Fig. 1 ~lower!, we
can assign the peak and the shoulder to the configurations of
(2p)p2(3p3/2)n21 and (2p)p2(3p1/2)n21, respectively. The
experimental shape agrees with the theoretical one with the
expected intensity ratio of 2:1 and the energy difference of
0.9 MeV of the two main configurations. While the pionic
2p component is clearly seen as a composite peak, the 1s
component is observed only as a small bump around Ex
5133 MeV. The major configurations which contribute to
the 1s bump are (1s)p2(3p1/2)n21, (1s)p2(2 f 5/2)n21, and
(1s)p2(3p3/2)n21 as shown in Fig. 2 ~lower!.02520B. Theoretical spectral shape
1. Pion-nucleus optical potential
In order to obtain the theoretically calculated spectrum as
shown in Fig. 1 ~lower!, we took the following approach. We
solved the Klein-Gordon equation
@2„21m212mUopt~r !#f~r !5@E2Vc~r !#2f~r !,
~2.1!
where m is the pion-nucleus reduced mass and Vc(r) is the
Coulomb potential with finite size charge distribution
Vc~r !52e2E r~p !~r8!ur2r8u d3r8, ~2.2!
with r (p)(r8) being the proton density distribution. For the
nucleon density distribution in 207Pb, we used the two-
parameter Fermi model
r~r !5
r~0 !
11exp@~r2c !/z# ~2.3!
with
c56.62 fm
z50.546 fm
for both the proton @r (p)(r)# and the neutron @r (n)(r)# @11#,
and
r~p !~0 !50.0632 fm2350.179 mp
3
,
r~n !~0 !50.0964 fm2350.272 mp
3
,
r~0 !50.1596 fm2350.451 mp3 ,
Dr~0 !50.0332 fm2350.0938 mp
3
.
For the strong interaction optical potential Uopt(r)
@12,13#, we employed the expression given by Ericson and
Ericson @13#2-2
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1e2
21$C0r2~r !1C1Dr~r !r~r !%#L~r !„ ,
~2.4!
with
FIG. 1. ~a! The excitation spectrum in the reaction 208Pb(d , 3He)
at Td5600 MeV. The prominent peak around the excitation energy
of 135.4 MeV is assigned to the configuration of (2p)p2(3p3/2)n21,
and its satellite to (2p)p2(3p1/2)n21. The small bump seen around
133 MeV is due to the production of the 1s pionic state. The mono-
energetic peak from the p(d , 3He)p0 reaction used as a calibration
is also shown. ~b! A theoretically calculated excitation spectrum of
the 208Pb(d , 3He) reaction at Td5600 MeV. We considered 16 neu-
tron hole states ~both for bound and quasi-free p2 contribution! and
10 proton hole states ~for quasi-free p0 contributions! in the calcu-
lation. A constant background of 5 mb/~MeV sr! and an experimen-
tal resolution of 0.48 MeV FWHM are assumed.02520b~r !5e1$b0r~r !1b1Dr~r !%,
c~r !5e1
21$c0r~r !1c1Dr~r !%,
L~r !5F11 43 pl@c~r !1e221$C0r2~r !
1C1Dr~r !r~r !%#G21,
r~r !5r~n !~r !1r~p !~r !,
Dr~r !5r~n !~r !2r~p !~r !,
where e1511m/M51.147, e2511m/2M51.073 with M
being the nucleon mass. The l denotes the Lorentz-Lorenz
correction parameter. b(r) and B0 are the parameters for the
local ~s-wave! part and c(r), C0 , and C1 are for the nonlocal
~p-wave! part. b(r) and c(r) are real and the others are com-
plex.
There are several parameter sets based on the existing
pionic atom data. We list them in Table II together with the
calculated 1s and 2p binding energies and widths. In the
calculation of the spectrum shown in Fig. 1 ~lower! and for
the peak decomposition described in the next section, we
took the SM-1 parameter set.
2. Effective number approach
We calculated the formation cross sections of bound pi-
onic states in the 208Pb(d ,3He) reaction by an effective num-
ber approach @6,14#. The treatment of the quasifree produc-
tion is discussed in detail in Ref. @15#. Using the cross
section of the nd→3Hep2 reaction at forward angles, the
formation cross section is expressed as
FIG. 2. Calculated spectral shapes of the pionic 2p ~upper! and
the 1s ~lower! components. The solid curves show the shapes of the
components. The vertical lines show the positions and the sizes of
the Lorentzian peaks corresponding to configurations
(nl)p2(n8l8 j8)n21.2-3
K. ITAHASHI et al. PHYSICAL REVIEW C 62 025202TABLE II. Several parameter sets of Ericson-Ericson optical potential and calculated binding energies and widths of pionic 1s and 2p
states in 207Pb. For Konijn-1-5 and Nieves, the binding energies and the widths were taken from their references and were for p2
^
208Pb. The difference of the isotopes does not cause serious deviations. The parameters of Konijn-3-5 and Nieves are not shown because
the standard Ericson-Ericson formulation was not used in these calculations. For Batty-3, the density parameters used in the calculation were
c56.654 fm and a50.475 fm for the proton and c56.900 fm and a50.475 fm for the neutron. In the calculations of Ericson-1-3, we applied
the Pauli correlations in Refs. @57,58# with the Fermi momentum of 265 MeV/c from Ref. @59#, approximated k2 in Ref. @27# to 22mVc(r)
and neglected O(1/A) terms. In Ericson-2 and -3, finite range correction is included.
l b0 b1 c0 c1 Re B0 Im B0 Re C0 Im C0 Re C1 Im C1 B1s G1s B2p G2p
Ref. (mp21) (mp21) (mp23) (mp23) (mp24) (mp26) (mp26) MeV MeV MeV MeV
Tauscher @22# 1 20.0293 20.078 0.227 0.18 0 0.0428 0 0.076 0 0 7.022 0.687 5.212 0.462
Batty-1 @24# 1 20.017 20.13 0.255 0.17 20.0475 0.0475 0 0.09 0 0 6849 0.602 5.128 0.353
Batty-2 @25# 1 20.023 20.085 0.21 0.089 20.021 0.049 0.118 0.058 0 0 7.021 0.697 5.209 0.742
Batty-3 @23# 0 0 20.125 0.261 0.104 20.14 0.055 20.25 0.059 0 0 6.604 0.537 4.996 0.292
SM-1 @26# 1 20.0283 20.12 0.223 0.25 0 0.042 0 0.1 0 0 6.870 0.582 5.130 0.374
SM-2 @26# 1 0.03 20.143 0.21 0.18 20.15 0.046 0.11 0.09 0 0 7.308 0.850 5.388 0.550
Konijn-1 @28# 0 0.024 20.090 0.272 0.107 20.261 0.0552 20.26 0.0640 0 0 6.785 0.475 5.082 0.322
Konijn-2 @28# 1 0.025 20.094 0.273 0.184 20.265 0.0546 20.14 0.105 0 0 6.777 0.458 5.079 0.312
Konijn-3 @28# 6.924 0.063 5.138 0.154
Konijn-4 @28# 6.897 0.089 5.133 0.156
Konijn-5 @28# 6.932 0.118 5.143 0.159
Nieves @29# 6.778 0.409 5.105 0.275
Ericson-1 @27# 1 20.0192 20.0873 0.2087 0.1779 20.0489 0.0489 0.1988 0.0879 20.737 0 6.932 0.685 5.155 0.413
Ericson-2 @27# 1 20.0192 20.0873 0.2087 0.1779 20.0489 0.0489 0.1988 0.0879 20.737 0 6.709 0.557 5.035 0.292
Ericson-3 @27# 1 20.0178 20.0873 0.2087 0.1779 20.0489 0.0489 0.1988 0.0879 20.737 0 6.735 0.571 5.050 0.304F dsdVGdA→3He~A21 !p5F
ds
dVGdn→3Hep3Neff. ~2.5!
The effective neutron number (Neff) is described as
Neff5 (
M ,ms
U E x f*~r!j1/2,ms* ~s!@f l*~r!
^ c j8~r,s!#JMx i~r!d
3rdsU23C2S/~2 j811 !,
~2.6!
where f l(r) and c j8(r,s) are the wave functions of the
bound pion and the neutron hole, respectively, with a result-
ant angular momentum J. The neutron wave functions were
obtained by using a Woods-Saxon type potential, and the
pion wave functions by solving the Klein-Gordon equation
@Eq. ~2.1!#. The spin wave function j1/2,ms(s) reflects the
possible spin directions of the neutrons. x i and x f denote the
initial and the final distorted waves of the projectile and the
ejectile, respectively. We used the eikonal approximation
x f*~r!x i~r!5exp~ iqr!D~b,z ! ~2.7!
with a distortion factor
D~b,z !5expF2 12 S E2‘z sdr~b,z8!dz8
1E
z
‘
s3He r~b,z8!dz8D G , ~2.8!
02520where sd is the deuteron-nucleon total cross section, s3He
is the 3He-nucleon cross section derived from Ref. @16#, z is
the coordinate of the reaction point along the beam direction
and r(b,z8) is the density distribution of the nucleus at im-
pact parameter b and beam coordinate z8.
In this formula, we have introduced several corrections
compared to the one shown in Ref. @7#. The previous results
used the elementary pion production cross section s(n1d
→3He1p2) at zero degree in the laboratory frame s(0°)
53.7 mb/sr. This value was obtained by using the angular
distribution of p1d reactions at 325 MeV/nucleon from ex-
isting data. In the new calculation used here, an elementary
cross section s(0°)52.8 mb/sr was used. This value was
derived by an extrapolation from the experimental data of
d1p→t1p1 cross sections into this energy range (Td
5300– 800 MeV) @5# based on the theoretical work of Fear-
ing @17# on the energy dependence of the reaction. The erro-
neous inclusion of a factor 12 in the effective number due to a
double counting of the spin degeneracy was also corrected.
In addition, the neutron hole spectroscopic factors shown in
Table I @C2S/(2 j811)# were used to take the neutron state
fragmentation @18# into consideration as shown in Eq. ~2.6!.
The obtained effective numbers for major configurations are
listed together in Table I. In the calculated spectrum shown
in Fig. 1 ~lower! we took 16 neutron holes into account and
assumed a constant background of 5 mb/~MeV sr! and an
instrumental resolution of 0.48 MeV. The peaks seen on the
quasifree continuum are due to the fact that the unknown
widths of deep neutron hole states were assumed to be 0
MeV.2-4
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So far, we have used the theoretical spectrum shown in
Fig. 1 ~lower! as a guide to assign the configurations to the
experimental spectrum. Now, in order to precisely determine
the binding energies (Bnl) and the widths (Gnl) of the pionic
1s and the 2p states, we fit the excitation spectrum with a
sum of a background and the contributions from the two
pionic orbitals (1s and 2p as shown in Fig. 2!. We set the
fitting region to be between 120.0 MeV and 136.0 MeV in
order to avoid contributions from the tails of shallowly
bound states. The lowest six neutron hole states which have
considerable contributions in the fitting region, 3p1/2 , 2 f 5/2 ,
3p3/2 , 1i13/2 , 2 f 7/2 , and 1h9/2 , are taken into account in the
fitting procedure. See Table I for the properties of the neu-
tron hole states.
The fitting function comprises the pionic 1s component,
the 2p component and a linear background as
S~Ex!5S1s~Ex ;I1s ,B1s ,G1s!1S2p~Ex ;I2p ,B2p ,G2p!
1Sbg~Ex ;c0,c1!, ~2.9!
where
S1s5I1s3 (
n8l8 j8
Neff~1s ,n8l8 j8!
3F@~Ex ;mp2B1s1En~n8l8 j8!,G1s ,sexp!#
~2.10!
S2p5I2p3 (
n8l8 j8
Neff~2p ,n8l8 j8!
3F@Ex ;mp2B2p1En~n8l8 j8!,G2p ,sexp#
~2.11!
Sbg5c01c13Ex . ~2.12!
Here, Neff(nl,n8l8j8) are the effective neutron numbers for the
pionic ~nl! and neutron hole states (n8l8 j8) listed in Table I.
F(Ex ;c ,g ,s) is a Gaussian-folded Lorentzian function
@19,20# whose center is c and whose width is g. The width of
the folding Gaussian is s. Each Lorentzian corresponds to a
configuration (nl)p(n8l8 j8)n21
Figure 2 schematically shows the fitting functions S1s and
S2p for the pionic 1s and the 2p groups with the binding
energies B1s and B2p , the widths G1s and G2p , the relative
1s and 2p intensities normalized to the theoretical prediction
I1s and I2p , and the offset and the slope of the linear back-
ground c0 and c1 , as free parameters. The centers of the
Lorentzians are shown by the vertical lines. The height of
each line represents the effective neutron number Neff for the
configuration shown in Table I. The width sexp of the folding
Gaussian is the experimental resolution which was deter-
mined to be 0.4860.06 MeV ~FWHM! @1#.
Figure 3 presents the fit result. The experimental excita-
tion spectrum is shown by the open circles with statistical
error bars. The right edge of the fitting region is shown by
the vertical dashed line, the best fit 1s and the 2p compo-02520nents by the dashed and the dotted curves, respectively, and
the sum by the solid curve. The overall structure of the spec-
trum was fitted well and the x2 value was 115.2 (NDF
5120). The obtained binding energies and widths with sta-
tistical errors were B1s56.6860.08 MeV, B2p55.13
60.02 MeV, G1s51.0860.22 MeV, and G2p50.43
60.06 MeV. The best-fit 1s/2p intensity ratio
R5@I1s /I2p# , ~2.13!
was 1.63. The ratio R corresponds to an experimental 1s/2p
cross section ratio divided by the theoretical 1s/2p cross
section ratio, and thus the best-fit value 1.6 means that the
relative 1s formation cross section to 2p was 60% larger
than the theoretical one.
We examine the above fitting procedure in more details.
Figures 4~a! and 4~b!, respectively show the dependence of
B2p and B1s on the choice of the intensity ratio R. The cor-
relation between B2p and R is not large, and the 2p binding
energy and width are nearly unchanged by varying R. On the
other hand, the B1s indicates a strong correlation with R.
This is simply because the 1s component is not observed as
a separated peak but as a small bump sitting on the tail of the
dominant 2p peak, and its fitting result is strongly affected
by a slight change of the 2p shape. As the relative 1s inten-
sity becomes smaller, the 1s component is pushed away to-
wards larger binding energies. Moreover, B1s and G1s are
also strongly correlated. From the theoretical side, it is not
likely that ambiguities in the calculation can account for 60%
discrepancy in the relative formation cross section of the 1s
and 2p components. Thus, we cannot justify constraining
value of R to 1.63 although it is the best-fit value, and we
have to allow large uncertainties to B1s and G1s .
FIG. 3. The excitation spectrum obtained in the reaction
208Pb(d , 3He) at Td5600 MeV fitted by theoretical spectra of the 1s
and 2p groups, respectively. The open circles show the experimen-
tal spectrum with statistical errors and the solid curve shows the fit
result. The vertical dashed line shows the right edge of the fitting
region. The tilted dashed line shows the linear background. The
dotted and dashed curves show the 1s and 2p components, respec-
tively.2-5
K. ITAHASHI et al. PHYSICAL REVIEW C 62 025202Systematic uncertainties of the fit for the 2p group were
studied by performing fits under different conditions. ~a! We
observed that B2p is hardly affected by varying the instru-
mental resolution sexp . The Lorentzian width G2p is changed
by 60.06 MeV, as we allow an uncertainty of 70.06 MeV
for sexp . ~b! There was no significant change in varying the
fit range by 60.2 MeV. ~c! We fitted the background region
FIG. 4. Contour plots of x2 ~a! in B2p vs. I1s /I2p and ~b! in B1s
vs. I1s /I2p . The dashed lines show 1-s contours and the crosses x2
minima.
TABLE III. The obtained binding energy and width of 1s pionic
sate and the fitting x2 are shown for four representative values of
the intensity ratio R.
R statistical systematic x2
1.63 B1s56.68 60.06 60.12 MeV 115.25xmin
2
G1s51.08 60.13 60.06 MeV
1.25 B1s56.75 60.06 60.12 MeV 117.3
G1s50.85 60.12 60.06 MeV
1.00 B1s56.79 60.06 60.12 MeV 122.3
G1s50.67 60.11 60.06 MeV
0.75
B1s56.83
G1s50.49
60.06
60.11
60.12
60.06
MeV
MeV
132.302520independently and found that a small variation of the back-
ground causes almost no change in B2p and G2p .
In conclusion, we have determined the binding energy
and width of the 2p orbital as follows taking into accounts
systematic errors in the absolute energy calibration ~for B2p)
and in the experimental resolution ~for G2p),
B2p55.1360.02 ~stat!60.12 ~syst! MeV,
G2p50.4360.06 ~stat!60.06 ~syst! MeV.
For 1s , we have obtained sets of B1s and G1s assuming
several values of R, as shown in Table III.
III. COMPARISON OF BNL AND GNL WITH
THEORETICAL CALCULATIONS
The binding energies and the widths of the pionic orbitals
are theoretically obtained by solving the Klein-Gordon equa-
tion @Eq. ~2.1!# numerically @21#. Here, we will compare our
experimental results with the calculated values.
In the calculation we took the pion-nucleus optical poten-
tial parameters of Tauscher et al. @22#, Batty et al. @23–25#,
Seki and Masutani @26# and Ericson et al. @27#. For param-
eters of Konijn et al. @28# and Nieves et al. @29# we adopted
the values for the pion bound by 208Pb from the references.
The difference of the pionic state properties between 208Pb
and 207Pb are small and were neglected. Table II shows the
optical potential parameters and calculated Bnl and Gnl .
Figures 5 and 6 show two-dimensional plots of Bnl and
FIG. 5. A comparison of the obtained B2p and G2p with the
existing theoretical values. The solid ellipse shows the statistical
error (1-s) and the bars show the systematic errors. Values of B2p
obtained at an earlier stage of the analysis, reported in Refs. @7# and
@8#, are compared at the top of the figure.2-6
DEEPLY BOUND p2 STATES IN . . . . II. . . . PHYSICAL REVIEW C 62 025202Gnl of the pionic 2p and 1s states, respectively. The experi-
mental results obtained in the present alaysis and the theo-
retical values are presented together. The solid ellipses ex-
press the experimental values with statistical errors (1
2s). Quadratically added systematic errors are shown by
the bars for the 2p state. For the 1s state, several ellipses are
drawn for different values of the intensity ratio (R51.63,
1.25, 1.00, and 0.75! labeled by the respectve x2 value of the
fit. Values of Bnl obtained at an earlier stage of the analysis
are plotted for comparison.
As seen in Fig. 5 for the 2p state, the present experimen-
tal result is precise enough to test the theoretical predictions,
some of which overlap with our result within the error.
Batty-1, 2, SM-1, Tauscher, and Ericson-1 are very close to
the experimental values of both binding energy and width.
Konijn-3-5 give narrower widths than the experiment, and
SM-2 shows the largest deviation in the binding energy.
These predictions are clearly disfavored by the experiment.
Figure 6 for the 1s state also provides some information.
The ellipse for R51.63 is far away from the theoretical pre-
dictions, and the ellipse for R51.0 is near their central value.
Konijn-3-5 give much too narrow widths again, and Batty-3
and SM-2 deviate from the binding energy allowed by the
experiment.
IV. PION-NUCLEUS INTERACTION
AND PION MASS SHIFT
A. Local potential strengths
Now we try to relate the binding energies and widths of
the deeply bound states to the pion-nucleus potential param-
FIG. 6. A comparison of the obtained B1s and G1s with the
existing theoretical values. The experimental results are shown by
the ellipses (1-s contours! for various values of the intensity ratio
(R51.50, 1.25, 1.00, and 0.75!. The fitting x2 for each intensity
ratio is also shown (NDF5119). The value of B1s obtained at an
earlier stage of the analysis, given in Ref. @8#, is compared at the top
of the figure.02520eters. So far, the nonlocal part (c0 ,c1 ,C0 ,C1) and the local
imaginary part (Im B0) have been known rather well from
pionic atom data. In shallow bound states the nonlocal parts
play important roles, where the real part (b0 ,b1 Re B0) of the
s-wave ~local! optical potential is only poorly known. On the
other hand, the local part contributes dominantly to the ob-
served strong interaction shifts
B1s
obs2B1s
Coulomb.25.3MeV, ~4.1!
B2p
obs2B2p
Coulomb520.70 MeV, ~4.2!
where the pure-Coulomb values (BnlCoulomb) for the 1s and 2p
states are 12.06 MeV and 5.91 MeV, respectively. This situ-
ation is shown in Table IV.
Here, referring to the experimental results we tune the
local-part potential parameters by adjusting their leading
terms of the real (b0) and the imaginary (Im B0) parts. In this
analysis, we take four different potential parameter sets,
Tauscher, Batty-2, SM-1, and Ericson-1 as the starting
points, and change only b0 and Im B0 , while fixing the other
parameters (b1 ,Re B0 ,c0 ,c1 ,C0 ,C1) to the original values.
We express the real @V(r)# and imaginary @W(r)# parts
of the local potential in the following forms:
ULocal~r !5V~r !1iW~r ! ~4.3!
with
V~r !52
2p
m
@e1$b0r~r !1b1Dr~r !%1e2 Re B0r2~r !# ,
~4.4!
W~r !52
2p
m
e2 Im B0r2~r ! ~4.5!
and relate them to Bnl and Gnl . We use the real strength
V(0) and the imaginary strength W(0)
V~0 !52455S b01 N2ZA b1D2192 Re B0 MeV,
~4.6!
TABLE IV. Contributions of the real local part, the real nonlo-
cal part and the imaginary part of the strong interaction to the
strong-interaction shifts of the pionic 1s , 2p , and 3d states in
207Pb, calculated using the SM-1 parameter set. ‘‘Real local’’ de-
notes the binding energy shift due to the real local part of the
optical potential from the value calculated with the finite size Cou-
lomb potential. ‘‘1 real nonlocal’’ denotes the additional shift due
to the real nonlocal part potential added, and ‘‘1 imaginary’’ the
additional shift due to the imaginary part.
DB1s @MeV# DB2p @MeV# DB3d @MeV#
Real local 25.302 21.099 20.061
1 real nonlocal 10.136 10.373 10.103
1 imaginary 20.027 20.051 20.009
Total 25.194 20.776 10.0322-7
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as representative parameters for the local potential.
In order to see the influence of the local potential, we
calculate the binding energies and widths by varying V(0)
and W(0). This was done by changing artificially b0 and
Im B0 , while keeping the other parameters to the original
values, as shown in Table II. The values of @V(0),W(0)# ,
(B1s ,G1s), and (B2p ,G2p) were calculated for each
(b0 ,Im B0) value.
The calculated relations are presented for the case of the
SM-1 parameter set in Fig. 7 for the 2p state and in Fig. 8
for the 1s state, respectively. The two figures are presented
in the same scale for comparison. Basically, both B1s and
B2p decrease with V(0), but depend also on W(0). As the
imaginary part @2W(0)# increases, it causes not only in-
crease of the widths but also decrease of the binding ener-
gies. The widths also increase with the decrease of V(0), as
expected, because the halo character of the states becomes
weaker as the repulsive barrier decreases.
The experimental results are shown by the tilted cross for
the 2p state, and by 12s contours obtained in the previous
fit for the 1s state with values of R as labeled. The statistical
errors and the systematic errors in addition for B2p and G2p
are shown by the regions with light and dark gray, respec-
tively. The experimentally allowed zones in the V(0)-W(0)
plane for 2p ~Fig. 7! and for 1s ~Fig. 8! are different, but
FIG. 7. The binding energy and width of the 2pp2 state are
related to the real and imaginary local potential parameters b0 and
Im B0 . The other parameters are fixed by the SM-1 parameter set.
The parameters were converted to the potential depths at the center
of the nucleus for the real part V(0) and the imaginary part W(0).
The experimental value is shown by the tilted cross. The region
allowed within the statistical error is shown by dark gray and that
allowed within the systematic error in addition is shown by lighter
gray. The original value of SM-1 parameter set is shown by the
upright cross.02520overlap partially, indicating the consistency between the re-
sults for the 1s state and for the 2p state within the current
theoretical framework.
The local potential parameters V(0) and W(0) thus deter-
mined by using the experimental values of B2p and G2p are
listed in Table V. They are different from the original values
which are also shown in the table. The V(0) values thus
determined range from 23 to 27 MeV, reflecting the different
parameter sets, while the W(0) values are nearly the same.
The parameters b0 and Im B0 determined are also presented
in the table.
In the above treatment we fixed Re B0 to the original val-
ues, which are model dependent. This is part of the reason
for yielding different V(0) values. If we allow Re B0 to be
varied, we have to change the V(0) value accordingly. How-
ever the two parameters, b0 and Re B0 , are interrelated as in
the Seki-Masutani relation obtained by reading from Fig. 1
in Ref. @26#,
b0r~0 !10.503Re B0r2~0 !50.062 fm22. ~4.8!
This relation can be derived by asserting that the binding
energies are determined essentially by the local potential
strength at the nuclear radius (r5R0). Since r(R0)
5(1/2)r(0), this means b0 and Re B0 satisfy the relation
assertion: V~R0!52
2p
m F12 e1@b0r~0 !1b1Dr~0 !#
1
1
4 e2 Re B0r~0 !
2G
;const. ~4.9!
FIG. 8. The binding energy and width of the 1sp2 state are
related to the real and imaginary local potential parameters b0 and
Im B0 , and then to the potential depths V(0) and W(0) at the center
of the nucleus. As in Fig. 7 the SM-1 parameter set is used for the
other parameters. The experimental values are shown by 1-s el-
lipses for labeled values of R. The original value given by the SM-1
parameter set is shown by the upright cross.2-8
DEEPLY BOUND p2 STATES IN . . . . II. . . . PHYSICAL REVIEW C 62 025202TABLE V. Real V(0) and imaginary W(0) strengths of the local potential deduced from the experimental results on the 2p state based
on four models which use different potential parameter sets. The corresponding values of b0 and Im B0 parameters are also shown. The
original values of V(0) and W(0) are presented for comparison. The V(R0) values determined are also shown. The errors are chosen to
cover the experimental errors.
Model V(0)brig 2W(0)brig V(0)det 2W(0)det b0 Im B0 Re B0 2V(R0)det
Tauscher 20.7 8.2 23.023.6
15.0 10.024.8
18.1 20.03420.011
10.008 0.05220.02510.042 0 23.0
Batty-2 22.5 9.4 23.323.514.8 8.924.417.2 20.02520.01110.008 0.04620.02310.038 20.021 21.3
SM-1 24.2 8.1 23.623.615.1 9.724.818.2 20.02720.01110.008 0.05020.02510.043 0 23.6
Ericson-1 26.3 9.4 26.923.915.3 10.825.118.5 20.02020.01210.009 0.05620.02710.044 20.049 22.2Thus, each term cannot be uniquely determined. The above
relation is nearly the same as the Seki-Masutani relation
~4.8!.
The validity of the above assertion is illustrated in Fig. 9,
where the two different potentials ~solid and dashed curves!
that have the same value at r5R0 are shown to give nearly
the same binding energies (DB1s;0.07 MeV) and nearly the
same p2 density distributions. V(R0) is a more invariant
quantity than V(0) to describe the binding energies of the
deeply bound p2 states. The notch test proposed in Ref. @23#
is in accordance with the spirit of the above assertion.
Thus, the local potential strength V(0) is related to V(R0)
as
2V~R0!5V~0 !1
2p
m
1
2 e2 Re B0r~0 !
2
5V~0 !185 Re B0 MeV. ~4.10!
FIG. 9. Two different real local-part potentials which give
nearly the same binding energies, widths, and p2 densities. The
solid and dashed curves were calculated with (b0 ,Re B0)
5(20.0283,0.0) ~5original SM-1! and ~20.0561, 0.1!, respec-
tively. The calculations were done for 207Pb by fixing the other
parameters to the original values of the SM-1 parameter set shown
in Table II. The half density radius is shown by the arrows and the
vertical dashed line.02520The values of 2V(R0) calculated from the determined values
of V(0) are also presented in Table V. They are in the region
21–23 MeV, demonstrating the validity of the above asser-
tion. It is remarkable that all the different starting potential
parameters converge into the common value of 2V(R0) to
account for the experimental B2p and G2p . This result justi-
fies the present prescription. Although B1s is most sensitive
to V(0), its experimental value from the present experiment
has a larger uncertainty, and the corresponding constraint on
V(0) is weaker, though the above two independent values
from 1s and 2p are mutually consistent.
B. Effective pion mass
The local potential thus determined can be translated into
an effective mass of p2 in 207Pb @8#. For an infinite system
of nuclear density r, the effective pion mass mp
eff(r) is de-
fined as the real part of the self energy for a pion at rest (qW
50) in matter @30#
@mp
eff~r!#25@mp
2 1qW 21Re P~E ,qW ;r!#qW→0;mp
2 12mpV~r !,
~4.11!
since the nonlocal ~p-wave! part vanishes as qW→0. This
yields
mp
eff~r !;mp1Dmp
eff~r !, ~4.12!
where
Dmp
eff~r !5V~r !. ~4.13!
Namely, the pion mass shift Dmp
eff(r) is equal to the real part
of the s-wave potential V(r). So, we conclude that the p2
mass at the center of the 207Pb nucleus increases by
Dmp
eff~0 !523;27 MeV, ~4.14!
allowing the uncertainty in Re B0 . The obtained radial depen-
dence of Dmp
eff(r) assuming the SM-1 parameter set is shown
in Fig. 10. The above result is consistent with the calculated
mass shift of about 21 MeV at the center of Pb nucleus @30#
obtained from low-energy theorems based on the chiral sym-
metry of QCD @31,32#.2-9
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In the Ericson-Ericson type formulation of the pion-
nucleus optical potential the p-wave ~nonlocal! part param-
eters have relatively strict restrictions from existing data,
while the s-wave ~local! part parameters have had larger un-
certainties so far. Sensitivity of a pionic state to this s-wave
part parameters is proportional to the overlap integral be-
tween the pionic density and the nuclear medium
@* ucp(r)u2r(r)dr3# , and thus, the 1s and 2p pionic states in
heavy nuclei are the most suitable for the study of the s-wave
parameters.
Since such deeply bound states could not be formed in the
conventional method of using stopped pions @33#, we devel-
oped pion-transfer reactions @3#. Several experiments were
tried by using ~n,p! @34#, ~n,d! @35,36#, (d , 2He) @37#,
(d , 3He) @38#, (p ,2p) @39# reactions, resulting in no clear
evidence of pionic atom formation. In the meantime, the the-
oretical investigation was continued to find the optimal ex-
perimental condition. Finally, the (d , 3He) reaction was
found to be suitable in producing pionic states under the
recoilless condition (Dq;0). This condition was expected
to enhance the cross section for the formation of a bound
pionic state of substitutional configuration (lp25ln).
This new method involved several questions. ~i! Can the
optical potential deduced from shallow pionic atoms be ap-
plied to deeply bound states? ~ii! Are the calculated produc-
tion cross sections correct? ~iii! Is the intrinsic background
small enough to observe the bound-pion peaks? ~iv! Can the
FIG. 10. ~a! The real part of local potential V(r), which is
equivalent to the pion mass shift Dmp
eff(r), the total real-part poten-
tial including the Coulomb interaction Vc(r), and the imaginary
part of the local potential W(r), as obtained from the analysis of
the measured 1s and 2pp2 binding energies and widths based on
the SM-1 parameter set. Re B0 was not changed in the analysis. ~b!
Radial distributions of the 1s and 2pp2 densities. The half density
radius is shown by the vertical dotted line.025202instrumental background be suppressed sufficiently? ~v! Is
the energy resolution good enough?
The present experimental setup was carefully designed
based on the previous experiences. It was optimized to
achieve the highest possible resolution at sufficiently high
yield and low background. In the design of the experiment,
the fragment separator ~FRS! @40# at the GSI was a key com-
ponent. It was used as a spectrometer at forward 0°, and its
two 30° dipole magnets after the target bending in opposite
directions swept out most of the background particles before
they reach the dispersive focal plane. The second part of the
FRS worked as a 36 m long transfer line, where the particles
were perfectly identified by the time of flight and by the
energy loss in the scintillation counters. The synchrotron
SIS-18 provided a high intensity beam.1011 d/spill, with a
small momentum spread Dp/p,531024, which corre-
sponds to an energy resolution ,0.3 MeV. The experimental
resolution and the symmetric spectral response were guaran-
teed by the monoenergetic peak of 3He from the two-body
reaction of p(d , 3He)p0 by using a polyethylene @~CH2)n]
target.
The finally obtained energy spectrum after careful correc-
tions for the acceptance of the spectrometer, the target thick-
ness, the time dependent incident beam momentum drift
within the extraction, second order ion optical aberrations,
and other contributions had a resolution of 0.48
60.06 MeV, and was in notable agreement with the theoreti-
cally calculated spectrum in the whole measured range.
The observed absolute cross sections are found to be by a
factor of 2.5 smaller than the theoretical values, which is
within the uncertainty of the calculation of absolute cross
sections. There was a prominent peak at about 5 MeV below
the p2 production threshold, and it was assigned to the for-
mation of the 2p pionic state coupled to neutron hole states
of 3p1/2 and 3p3/2 , which are separated by 0.9 MeV. Struc-
ture due to the formation of shallower states was also seen
between the 2p peak and the threshold. An additional
peak, though unresolved, was observed in the (1s)p2
region and was assigned to the configurations of
(1s)p2(3p1/2,2 f 5/2,3p3/2)n21.
We analyzed the excitation spectrum of 208Pb(d , 3He) re-
action in terms of the formation of bound pionic states in the
nuclear reaction, and deduced the binding energy and the
width of the 2p state to be B2p55.1360.02 ~stat!
60.12 ~syst! MeV, G2p50.4360.06 ~stat!60.06 ~syst! MeV.
The formation of the 1s ground state was clearly observed,
but the precise determination of the binding energy and
width was not possible because of the incomplete separation
from the main peak. Constraints of B1s vs G1s were pre-
sented for each of assumed 1s/2p cross section ratios as
listed in Table III.
The binding energies and widths are compared with the
calculated values using the existing potential parameter sets.
The resolution was high enough to test the validity of the
model predictions. In their relation to the theoretically calcu-
lated values, the deduced values of 1s and 2p states are in
mutual accordance. The widths expected from Konijn et al.
@28# in which the potential parameters were adjusted to fit to
the data showing the 3d anomaly @9,10,41# were smaller-10
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deviations. The experimental values were closer to those ex-
pected from older parameter sets developed before the 3d
anomaly was introduced, as shown in Figs. 5 and 6.
For the deeply bound p2 states the binding energies and
widths depend predominantly on the real and imaginary parts
of the local potential, V(r) and W(r), respectively. There-
fore, we calculated the binding energy and width for each
state in the V(r)2W(r) plane, and presented the experimen-
tally allowed region. We took four different potential param-
eter sets and determined V(r) and W(r) experimentally. We
demonstrated that the real local potential strength V(R0) at
the nuclear radius (r5R0) is nearly independent of the as-
sumed initial parameter sets. In this way we have proved the
assertion that the binding energies and widths are determined
by the potential strengths at r5R0 . This means that b0 and
Re B0 cannot be determined separately, but follow the Seki-
Masutani type relation.
The obtained local potential strength indicated that the
pion mass at the center of 207Pb nucleus is 23–27 MeV
larger than in vacuum, though there still remains a small
uncertainty originating from Re B0 @42#. The deeply bound
pionic states can also be recognized as a kind of Gamow-
Teller resonances (DS5DI51), which are located at an ex-
citation energy of about 135 MeV in 207Pb @43#. Another
remarkable conclusion is that the structureless background of
about 5 mb/~MeV sr! observed in the region 120 MeV,Ex
,130 MeV is not an instrumental background but a genuine
physical continuum due to processes with high nuclear exci-
tation energies without pion production. This cross section
was 60 times smaller than the one @300 mb/~MeV sr!# ob-
served in the 208Pb(n ,d) reaction at 400 MeV @35#.025202Our goal in the near future is to observe the 1s state as a
separated peak. In the present spectrum, the 1s component is
obscured by the shoulderlike structure of (2p)p(3p1/2)n21
@(3p1/2)n215ground state of 207Pb#. In a forthcoming experi-
ment, we plan to use 206Pb instead of 208Pb to get rid of this
obstructive contribution from the 3p1/2 neutron hole accord-
ing to the theoretical investigations @44#, and expect to de-
termine the B1s and G1s with higher precision.
Recent theoretical studies on chiral symmetry breaking in
QCD show that hadron properties in nuclei are closely re-
lated to the magnitude of the chiral quark condensate at finite
nuclear density and related to the non-trivial structure of the
QCD vacuum @45–47#. In this context, there is currently a lot
of interest in the investigation of hadron properties in nuclear
matter. The present discovery of pionic atom formation in
nuclear reactions simultaneously accomplished the method
of populating a mesic bound state in nucleus, which can be
widely applied to the deduction of the meson’s effective
mass in the medium. This method has a unique merit com-
pared with the invariant mass spectroscopy as applied to de-
caying mesons in nuclei @48–53#, as the latter method suffers
from the final state interactions ~collisional decays! @54#. Ex-
perimental investigation based on a theoretical study @55# of
the production of h- and v-mesic nuclei is under way @56#.
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